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ABSTRACT 



This investigation is an experimental study of the stress distribu- 
tion in two circular cylinders intersecting at right angles and acted on 
by internal pressure. Two specimens of the thick-wall category were 
tested to ruoture and a strain gage analysis was made of critical points. 
Th8 specifications of the specimens tested were so chosen that this in- 
vestigation would be the logical beginning of an overall study of inter- 
secting cylinders under the influence of internal pressure. 

The results of two tests are insufficient to indicate trends or 
establish facts as conclusive. She conclusions reached as a result of 
this investigation are, therefore, of such a nature as to require con- 
firmation by subsequent continuation of this study. These conclusions 
are} 

1. The maximum stresses present in specimens of the type tested 
are in the plane of intersection and tangent to the ellipse of inter- 
section at a point approximately fifteen degrees from the crotch. 

2 . Additional resistance to the high stresses at the plane of inter- 
section is necessary over that required in the wall of a straight pipe. 

3. Bending associated with the stressing of this type of inter- 
section by the application of internal pressure is of minor importance 
in specimens In the thick vail range. 

Ail the tests were made in collaboration with Lieutenant Commander 
Vernon B. Teig, U. S. Navy in the Structures Laboratory, Guggenheim 
Aeronautical Laboratoxy, California Institute of Technology, Pasadena, 
California, during the school year 1948-49. 
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EXPLANATION OF SYMBOLS 



S 

R 

a and R 

b 

k 

P 

t 







Young* s Modulus of Slasticity (assumed as 30,000,000 psl) 

Strain Gage Reading 

Internal Radius of Pipe (inches) 

External Radius of Pipe (inches) 

Strain Gag© Constant (-200) 

Internal Pressure (psi) 

Thickness of Pipe (inches) 

Axial Strain (in/in) 

Radial Strain (in/in) 

Tangential Strain (in/in) 

Principal Strain (in/in) 

Axial Stress (psi) 

Radial Stress (psl) 

Tangential Stress (psi) 

Principal Stresses (psi) 

Poisson's Ratio (assumed to he 0.3) 



INTRODUCTION 



Shis investigation represents the first phase of a thorough study 
of the stress distribution in two intersecting circular cylinders under 
internal j»re3sure being undertaken by the Calif oniia Institute of Tech- 
nology. In this phase all specifications of the specimens were held 
constant except wall thickness. ‘Two mild steel specimens were tested 
having an internal radius of 3.84 inches and wall thicknesses of 0.4 
inches for the first specimen and 0.3 inches for the second. 

An exact theoretical solution of this problem involves mixed 
boundary conditions and the attendant complexities, and therefore, has 
not been solved. Prior to the construction of the 20-inch supersonic 
wind tunnel at the Jet Propulsion Laboratory, California Institute of 
Technology, it had been assumed generally that for piping which is to 
be stressed tangentially up to a v*lue allowed by the governing code, 
the safe procedure would be to furnish heavy ribs to take all bending 
stresses of the elliptical intersection. Analysis of the loading in- 
duced in the joints of that wind tunnel, however, indicated that axial 
stiffness of the pipe itself would materially aid in resisting the de- 
formation of the elliptical intersection. This prompted the series of 
tests reported in Reference (a). The results of these tests were not 
conclusive, and the investigator recommended that a more thorough 
study be made. No other study of this problem could be found in the 
engineering publications and indexes available at the California 
Institute of Technology. 

The tests reported herein were made in collaboration with Lieu- 
tenant Commander Vernon S. Teig, U. 3. Navy in the Structures 
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Laboratory, Guggenheim Aeronautical Laboratory, California Institute 
of Technology, *&3a&ena, California during the school year 1948-49. 
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•The tost specimens used, in this investigation were made from two 
sections of eight-inch Uational Ultra Strong V/olded Steel Pipe, ASTK 
53-47, having a yield point of 30,000 psi and an ultimate strength of 
48,000 psi. These pipe sections were machined to the dimensions and uni- 
formity shown in figure 5. The axial dimension was made two and one 
half diameters to insure that the end effects would not interfere with 
the effects at the intersection. The sections were joined hy welding 
so as to make ninety degree elbows. Any excess weld metal wa.s ground 
down so as to approximate an integral specimen of constant wall thick- 
ness machined out of a single billet. 

The pi-e ends were seeled with 3tsndard eight-inch welding caps 
containing a three-quarters inch threaded stud located on the center- 
line having a nut provided for attaching a restraint between the ends 
of the specimen. The restraint was not used in these tests, however. 

The studs were drilled and tapped to receive hydraulic fittings. Ex- 
cept for wall thickness, which was 0.4 inch for specimen I and 0.3 inch 
for number II, the specimens were identical in all respects. 

A large r>an was placed under the specimens to receive the oil upon 
rapture and to prevent the pan walls from interfering with the hydraul- 
ic fittings connected to the j>ipes, the specimen was cradled in blocks 
at points about six and sixteen inches from the ends of the specimen. 

Surface strains were measured with variable resistance wire strain 
gages of the Baldwin- Southwark AR-7 and A-8 types. The positions of 



the active gages used in the tests are shown in Pig, 7. 

Other equipment consisted of a potentiometer and Wheatstone’s 
bridge circuit, a six-volt battery, a Hackhavk hand-operated hydraul- 
ic pump, hydraulic pressure gage and miscellaneous plumbing and elec- 
trical wiring. 

The get ups of the test equipment are shown in Figures 1 and 3. 

The procedure followed in each test va9 identical. Within the 
elastic limit of the specimens, strain gage readings were recorded 
with the specimens alternately loaded and unloaded, thereby providing 
average zero readings for each set of load readings and indicating 
yielding in the specimens when the gage readings failed to return to 
their preload values. Above the yield point of the specimens, strain 
gage readings were recorded as before with the specimen alternately 
loaded and unloaded, but only the zero reading obtained after loading 
was used in computing strains. In this region of plasticity, however, 
at interval 9, before proceeding to a higher load, strain gage readings 
were recordod at intermediate loads. Readings at zero load wore not 
taken after these in te mediate loads but only after a load was applied 
which exceeded the highest previous load on the specimen. In order to 
obtain good results iri the region of high strains, internal pressure 
was held Constant, until strain readings stopped increasing, before 
data was recorded. 

The amount of opening of the leg3 was measured during and after 
the application of each load. The measurement was made with a tram 



bar between two punch narks made in the top of the 3tu.ds located at 
the ends of the specimens. It was intended to report that portion of 
each test which was in the elastic range with the restraint applied 
across the legs to prevent bending. Since the amount of opening of 
the legs of each specinen was so small as to be unmeasurable in the 
elastic r'-jige, this portion of the intended investigation wac aban- 
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E3SUXTS 

The following results were obtained, from tne tests asde on the 
two specimens described In SHIPMENT AND PBQCSiXJHS; 

1. Stress end strain data recorded in Tables I to XVIII. 

2. The loads resulting in yielding and rupture of the specimens 
were; 

Internal Pressure (psi) 







- 






Yield 




Rupture 


Specimen I 


1800 




3360 


Specimen II 


1200 




2950 



3* Rupture occurred across the weld st a point about 14.7 degrees 
above the crotch in both specimens. 

4. The elliotlcal intersection was distorted into an egg shape 
with the broadest part of the egg on the crotch side of the 
elbow. 

5. A visible area of cold-working was evident in the vicinity of 
the crotch of both specimens when high values of internal pres- 
sure were applied. 
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DISCU33IGH 

The data recorded during these testa ware strain gage and battery 
voltage readings. In addition, the distance between two punch marks 
at tho ends of the specimens (described in SlJJIRffl? MW rBGCBDUKB) 
were measured. This distance did not change until irrjediately before 
ropture of the specimens. 

The reduction of the strain gage readings taken within the elas- 
tic range into strains and stresses in the axial, tangential, and 
rria:i>. 1 directions involved only the usual strain gage reduction 
equations and the classical elasticity equations for resolving stres- 
ses in a plane (see sample calculations). In tho computation of 
stresses, a value of Young’s rodulus of Elasticity equal to 30,000,000 
psi and a value of Poisson’s ratio of 0.3 were used. 

In a uniform stress field, stresses and strains may be computed 
in the plasticity region from strain gage readings. Thi3 is possible 
because an elastic material strained beyond its elastic limit unloads 
f?nd reloads along a curve parallel to the original curve of the mater- 
ial below the elastic limit. In a non-uniform stress field such as was 
present in the specimens tested, stresses can be computed only until 
the local yield point is reached. After any point in the specimen has 
yielded, all points in the specimen show strain when the applied load 
has been removed. For tho 33 points which have not reached their local 
yield point, these strains are due to residual stresses in the mater- 
ial set up by parts of the specimen which have taken on permanent set. 



Utilizing this fact, the value of ell stresses and strains can be 
computed from strain gaga readings until the local yield point is 
reached. For the tests conducted, no stresses were computed after 
first yield of the specimens were reached since it is considered 
that they do not contribute to the analysis of the problem under in- 
vestigation at this stage. After local yielding, the determination of 
stresses are impossible using elasticity equations since it is not 
known what part of the aero-load strain is due to permanent set and 
what part i3 due to residual stresses. Since the theory of plasticity 
is in a nebulous stage, computations in this range have been left for 
later study. 

As an assistance in analysing the stresses and strains measured 

# 

and computed in this investigation, the graphs shown in Figs. 10 
through 49 were prepared. 

Strain gage readings taken above the elastic limit of a specimen 
previously have been considered in general to be unreliable. The sim- 
ilarity of strain curves for the two specimens at the various positions 
investigated, and at positions ou the same specimen but removed from 
the critical intersection (i.e. curves 1, 2, and 4 of Fig. 12), indi- 
cate that strain gage readings taken above the elastic Unit can be 
trusted in a qualitative analysis. Since the mechanical and electri- 
cal properties of the strain gages are not known to a high degree of 
certainty in this range, however, the readings obtained are of unknown 
reliability in a quantitative analysis. 



Previous discussions of the intersection of circular cylinders 
under internal pressure have showed concern for the handing effects 
present. Results of this investigation do not indicate that the 
heading effects are of great relative importance. In tests of both 
specimens, no bending deform- tions were visible or measurable within 
the elastic range and were not of measurable magnitude in the plastic 
range until the load '.fas increased to very nearly the rupture point. 
Furthermore, it is significant that the actual rupture of both spec- 
imens apparent^ was catised by tangential stresses despite the fact 
that specimen II had a tangential defect at the weld in the vicinity 
of the rupture point. This defect in specimen II was a small crack 
between the weld and the parent metal in the vicinity of the crotch. 
It opened visibly during the early stages of loading but eventual 
rupture was at right angles to thi9 crack. 

The classical equation for the tangential stress in a thick- 
walled cylinder under internal pressure isi 

<rt ~ r 3 D 2 - a 2 

which in the case of a pipe having the dimensions of specimen II isi 

<y t a* 12.3188 p 
Thus, for the second specimen 

psrl9ld = f§S = 3,435 P3t 

48.000 
12.3188 



p ultimate = 



= 3,978 psi 



The internal pressure causing yielding of specimen II was found ex- 
perimentally to he 1200 psi, and of rupture to he 3350 psi. 

In the case of specimen I; 

P yield (straight tube - theoretical) « 3,288 psi 

p yield (intersecting tubes - experimental ) = 1,800 psi 

p ultimate (straight tube - theoretical) - 5,261 psi 

p ultimate (intersecting tubes - experimental) - 2,950 psi 

The results of these tests, therefore, do not indicate w that welded 
pipe fittings can be designed with an ample safety factor against both 
excessive deformation and rupture, without the use of any ribbing and 
without increasing the thickness ratio of the fittings materially over 
that needed for plain pressure pipe*, as was suggested in the conclusions 
of Reference (a.). 

The deformation and point of rupture obtained with the M second spec- 
imen of 90 degree elbow made from seamless tubing, 4,5 inches O.D. with 
0,12 inch wall thickness 11 , reported in Reference (a), shows close agree- 
ment with the results obtained in this investigation. Since other tests 
on the 90-degree elbow reported in Reference (a) showed apparent struc- 
tural defects in the pipe from which the specimens were made, it is con- 
sidered that the results obtained therefrom (which did not agree with 
the results obtained in this investigation) are unreliable, and lead to 



false conclusions if considered 



) 
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Since yielding occurred at a load of approximately 54 per cent of 
the rupture pressure in the first specimen and at approximately 41 per 
cent of the rupture pressure in the second specimen, it is considered 
that limit design would he feasible in the construction of elbows sim- 
ilar to those tested where email permanent deformations could be tol- 
erated. However, fatigue limitations to- the theory of limit design 
must not be ignored. 

The specimens used in this investigation were large and contained 
approximately eleven gallons of oil while tests were in progress, 

I 

large gravity effects were present, therefore, which may have had a 
considerable effect on stress distribution at low values of applied 
load. These gravity forces may cause highly undesirable bending ef- 
fects when the specimen is support d by p>oint reactions as was the case 
during those tests. These undesirable effects would be more in evidence 
in tests conducted on thinner- walled specimens, and it is recommended 
that for subsequent tests that a continuous support be provided. 

V/heress experimental results obtained with the two specimens com- 
pared favorably in most respects, no explanation for the divergence 
of the axial strain curves of Figs. 29 and 30 can be offered. The di- 
vergence at these positions could be foreseen while data was being 
taken with the second specimen but no faulty techniques or instrumental 
failures were discovered. It is recommended that later phases of this 
investigation explore further the regions concerned. 
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OOHCLUSIOHS 

The results of two tests are insufficient to indicate trends or 
establish facts as conclusive* The conclusions reached as a result 
of this investigation are, therefore, of such a nature as to require 
confirmation by subsequent continuation of this study* These conclu- 
sions arei 

1* The maximum stresses present in specimens of the type tested 
are in the plane of the intersection and tangent to the ellipse of 
intersection at a point approximately fifteen degrees from the crotch. 
It is probable that when the legs of the specimen lie in the horizontal 
plane that the highest stress concentration is at an angle of approx- 
imately fifteen degrees above the crotch, 

2 , For two circular cylinders intersecting at right angles and 
acted on by internal pressure, the area in the vicinity of the inter- 
section requires additional resistance to the high stresses present. 

For cylinders of about 8 Inches internal diameter and 0.3 to 0.4 inches 
wall thickness, the wall thickness in the vicinity of the intersection 
should be increased approximately 100 per cent. 

I 

3. Bending associated with the stressing of two circular cylinders 
intersecting at right angles by the application of internal pressure 
appears to be of minor importance. 
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HSCOMiCSNDATIOH S 

It is recommended that: 

1. In any farther experiments! work conducted on this problem, 
that strain gage rosettes be located near the weld 15 degrees above 
and below the crotch, 

2. In any further experimental work conducted on this problem, 
that a continuous support be provided on the under side of the spec- 
imens. 

•3. In any further work conducted on this problem thet an invest- 
igation be made of the apparently incongruous results obtained in these 
tests for the axial strains near the weld at the rear of the inter- 
section, 

4, Further Investigation be made of the bending present and of 
the effects of bending restraints. 



> 
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EQJJATIONS AND SAMPLE CALCULATIONS 
A.H3DUCTI0H OF STRAIN CAGE DATA 



The test gage mounted on the specimen and a dummy gage mounted 
on identical, unstrained material are included in a Wheatstone Bridge 

circuit. The opposite sides of the 
circuit are two precision resistances 
of magnitude 

Under load the potentiometer is 
varied so that no current flows between 
points A and 3. We wish to determine 
the relation between the voltage V, 
across A3 and the unit strain, 6 , in the test specimen. 

From the circuit diagram, we determine that 




£ 



^(20,) « X I 2 (2R +4R) =3 V = - I 2 B 



Hence 



V « 



£ - JBB 

2 ~ 2R*d R " 




a Am 

4 R 



To eliminate the ratio A R/R, the following relation for resistivity 
of a conductor is employed. 

R a K ~ 

A 

where X is a resistivity constant, L the length of the conductor, end 
A its cross-sectional area. Then 



inB e J0* K + £*L -£*A 



£ / / 
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Hen ce 



A jr _ Ai - a a 

** ^ A 

For a cylindrical conductor 



r is the radius of the 
cross section 



A. ; — g >) — at •- „o 6 

A r L 



Therefore 

AS s (i + ?>i) 6 

H 




^ is the Poisson's ratio for the strain gage material. 

Substituting directly into the equation for the voltage reading 

V, 

V = 5 (1+ 2^) £ 

A 

Hence 

L 4V 

~ (1 + 2V)B 

This equation is usually employed in the form 



£ 



4 (mill! volt ; i 

(gage factor) ("battery reading) 



vhere £ is obtained in inches per inch times 
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3. COMPUTATION OJ STRAINS FROM STRAIN GAGS R»S (R03STTSS) 

M &€,= 

0 >) 4 €* -|.OiC t -£(fei + JiJ 
(c) /?J -±-R, 

whore k = -200 for the ro- 
settes used in these tests. 

C. COMPUTATION OP AXIAL ART) TANGENTIAL STRAINS 




<a> ^ = 7^T i /5 1 

(b> : JT^i jjt+yuCi^j 



D. COKPUTATIOlt OP FHIHCIPA1 STRESSES 




E 

(i + K) 




t(i2 illiilhl 

0 vOO*K) 




where 



r-| 



Rx+R} +zRj 

Sin 2 0 



tav> ze-- 



K, - Ft j 



-17- 






3. COrUTJTATIOIf OF PRINCIPAL STKAUT 




F. COKFUTATIOH OF STRAINS ABO V* ELASTIC LIMIT 

Beyond the elastic limit, strains computed as above are but one 
component of the total strain. The other component is the strain re- 
maining at a point with zero external load applied. 
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VARIATION OF TANGENTIAL AND AXIAL STRkINS WITH VARIATION OF INTERNAL PRESSURE 
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ressures and stresses in lb./sa.in. Strains given in inches per inch x 10 ' 
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Pressures and stresses in lb./sq.in. Strains given in inches per inch x 1C 
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Pressures and stresses in lh,/sq.in. Strains given in inches per inch x 1CP 
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Pressures and stresses in Ib./sq.in. Strains given in inches per inch x 10 
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Pressures end stresses In l'h./sq.in. Strains given in inches per inch 
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Pressures and stresses in lb./sq. in. Strains ."iven in inches per inch x 10 



Test I Position #9 Gages 1-24 
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Pressures and stresses in lh./sq. in. Strains given in inches per inch 



VARIATION OF TANGENTIAL AND AXIAL STRAINS WITH VARIATION OF INTERNAL PRESSURE 
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Pressures and stresses in lb,/sq,in. Strains given in inches per inch x 10' 



Test II Position 03 Gages 7,8*9 
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Pressures and stresses in lb»/sq.in. Strains given in inches per inch x 10 
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Pressure a and stresses in lb./aq.in. Strains given in inches y-cr inotv x 10 



Test II Position #5 Gages 13*14,15 
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Pressures end stresses in lb./sq. in. Strains given In inches per Inch x 10‘ 
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Fig. 1 First specimen end test setup. 
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Fig, 2 Closeup view of first specimen showing rupture. 
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Fig. 3 Second specimen and test setup. 
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Fig. 4 Closeup view of 9econd specimen showing rupture. 
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Thesis 11371 

H28 Ha rmon 

Stress distribution in 
two circular cylinders 
intersecting at right 
angles under the influ- 
ence of internal pressure 
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